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ABSTRACT 

The results from Suzaku observations of the central region of the Perseus cluster are presented. 
Deep exposures with the X-ray Imaging Spectrometer provide high quality X-ray spectra from the 
intracluster medium. X-ray lines from helium-like Cr and Mn have been detected significantly for 
the first time in clusters. In addition, elemental abundances of Ne, Mg, Si, S, Ar, Ca, Fe, and Ni 
are accurately measured within 10' (or 220 kpc) from the cluster center. The relative abundance 
ratios are found to be within a range of 0.8 — 1.5 times the solar value. These abundance ratios 
are compared with previous measurements, those in extremely metal-poor stars in the Galaxy, 
and theoretical models. 

Subject headings: galaxies: clusters: general — X-rays: galaxies: clusters 
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1. INTRODUCTION 

Heavy elements (or metals) in the universe are 
created in stars and supernovae (SNe). These met- 
als enrich the interstellar medium and are recy- 
cled into generations of stars. Some part of these 
should have been transported into intergalactic 
space via galactic winds or ram pressure strip- 
ping. Indeed, the intracluster medium (ICM) con- 
tains an amount of metals comparable to t he total 
amou nt of metals found in galaxies (e.g. iTsuru 
19911 ). The distribution of these metals can be 



measured exclusively by X-ray spectroscopy. This 
constrains the total number of SNe in galaxies and 
the efficiency of the mass transport from galaxies 
into intergalactic space. Moreover, the abundance 
ratios among elements (e.g. Si/F e ratio) can be 
used to identify their origins (e.g. iRenzini et al. 
1993h . 



ASCA and Beppo-SAX observations provided 
the first systematic measurements of Si, S and Fe 
abtindances and their spatial distributions (e.g. 

19961 ). XMM-Newton has al- 



Mushotzkv et al 



lowed more detailed studies including the O abun- 



dance determination (e.g. iTamura et al.l |200J). 
Recent Suzaku data have further improved mea- 
surements of elements such as O and Mg (e 



Matsushita et al. 20071 ). Mostly, observed abun- 



dance patterns are explained by some combina- 
tions of_origins_^mn_t;YI'6 Isi and type II SNe 
fe.g. iFukazawa et al.lll998l ). Note that the nature 
of these SNe and hence their total metal products 
have not completely been understood. In addition, 
some authors claim that the observed metal abun- 
dances require an alternative source s uch as hyper- 
novae in early generations of s tars (jLoewenstein 



200 ll : iBaumgartner et ahllioosh . However 



surements are still limited to abundant elements 
and even for those element s statistical and sys- 
tematic errors are large. See iBohringer fc Werner 
([2009.1 for a recent review on X-ray spectroscopy 
of clusters. 

Here we present Suzaku XIS (X-ray Imaging 
Spectrometer) spectroscopy of the central region 
of the Perseus cluster of galaxies, which is the 
brightest cluster in X-rays. This is a calibration 
target of the XIS and hence has been observed reg- 
ularly. We used all available data from several ex- 
posures. The deep exposure of this unique object 
along with the high sensitivity of the XIS provides 



one of the best quality X-ray spectra from clusters. 
We have detected X-ray line emission from ionized 
Cr and Mn for the first time from an extragalactic 
source. Furthermore we accurately measured ele- 
mental abundances of Ne, Mg, Si, S, Ar, Ca, Fe, 
and Ni. 

Throughout this paper, we assume cosmological 
parameters as follows; Hq = 70 km s~^Mpc~^, 
rim = 0.3, and J^a = 0.7. At the cluster redshift 
of 0.0183, one arc-minute corresponds to 22.2 kpc 
at the cluster distance. We use the 90% confidence 
level. 

2. OBSERVATIONS 

As a calibration target, the Perseus cluster 
has been observed twice a year in various op- 
eration modes. Here we use the data obtained 
from February 2006 to February 2009 in the nor- 
mal window mode. Sequence numbers of the data 
are 800010010, 101012010, 101012020, 102011010, 
102012010, 103004010, 103005010, and 103004020. 
The central galaxy, NGC 1275, has been located 
at the CCD center. The detector covers a cen- 
tral 17' X 17' square region. The XIS 2 sensor 
was available only until 2006. The cumulative 
exposure time in the spaced-row charge injection 
off mode is 300 ks times sensors (XIS 0, XIS 2, 
and XIS 3; Fif]. Those in the spaced-row charge 
injection on mode are 580 ks times sensors (FI) 
and 265 ks (XIS 1; BI). Detailed descriptions of 
the Suzaku observatory, the XIS i nstrument, and 



the X -r ay telescope ar e foun d in iMitsuda et al. 



20^). lKovama et al. I (|2007l ). ISerlemitsos et al. 



(|2007l ). respectively. 



3. ANALYSIS AND RESULTS 
3.1. Method 

We started the analysis from archived cleaned 
event files, which were filtered with the stan- 
dard selection criteria. We used the latest cali- 
bration file as of May 2009. We examined light 
curves excluding the central bright region events 
(i? < 6') for stable-background periods. There 
was no flaring event in all data. The instrumen- 
tal (Non- X-ray) background was estimated using 
the night earth observation database and the soft- 



^BI data in spaced-row charge injection off are not used. 



2 



ware xisnxbgen (jTawa et alj 120081 ) . The cosmic 
X-ray background was estimated to be well below 
1% of the source over almost entire enegy band. 
We therefore ignore this cosmic background in the 
following analysis. 

We extracted spectra from three annulus re- 
gions with boundary radii of 0'.5, 2', 4'.0, and 10' 
centered on the X-ray maximum. The central re- 
gion (R < 0'.5) is excluded to avoid the contribu- 
tion from the central galaxy. 

We prepared an X-ray telescope response func- 
tion for each spectrum us ing the XIS ARF bu ilder 
software xissimarfgen (jlshisaki et al.ll2007l l. as- 
suming an ICM surface brightness distribution 
based on an XMM-Newton public image of the 
cluster as a source image. We simulated events 
so that the relative error of the response at each 
energy bin is smaller than 0.25% (using a parame- 
ter accuracy). To made the XIS energy response 
function, we used the software xisrmf gen. 

To describe the thermal emission from a col- 
lisional ionization e quilibrium plasma, we use 



the APEC model (jSmith fc Brickhouse I l200lf ) 
with the solar me t al ab undances taken from 
Anders fc Grevesse ()l989l) . The Galactic ab- 
sorption is described by the photo-electric ab- 
sorption of Wisconsin cross-sections (wabs model 
in XSPEC) with the reported neutral hydrogen 



column density of 1.5 
cluster. 



10 ^^cm toward the 



3.2. Spectral Fitting and Elemental Abun- 
dances 

We fit the data to constrain the thermal nature 
and metal abundances. To describe the complex 
thermal structure of the central cooling core, pro- 
jection effect, and photon mixing due to the point 
spread function, we introduce two thermal com- 
ponents. Temperatures and iron abundances of 
the two components are made independently free. 
On the contrary, other abundances of Ne, Mg, Si, 
S, Ar, Ca, and Ni are coupled between the two 
components, e.g. Nei — Ne2. A power-law com- 
ponent with a fixed photon index of 1.8 is also 
included. This describes a combination of scatter- 
ing of the central galaxy emission and the possi- 
ble distributed hard X-ray emission suggested by 



there is no line from Cr included in the APEC 
model, here, we add a Gaussian component for the 
Cr line into the fitting model. A detailed analysis 
of this line is given in the next subsection. 

To avoid calibration errors, we ignore energy 
ranges around the Si K edge (1.6 — 1.95 keV) and 
the Au M edge (2.2 - 2.4 keV). To compensate 
errors of the energy-PI relation, redshifts of the 
two APEC components are allowed to be different. 
In 0'.5 — 2' — 4' regions, we use the FI and BI 
spectra simultaneously. In the 4' ~ 10' region, we 
use only the FI spectrum, since the BI spectrum 
has a relatively low signal to background ratio at 
higher energies, > 5 keV. 

The fitting result is given in Table [1] Statistical 
errors of elemental abundances are 5 — 10% of the 
best fit value. Obtained abundances are shown in 
Fig. UKa). Here we use the Fe abundance averaged 
over those of the two components by weighting by 
the emission measure. 

Examples of the spectral fitting are shown in 
Fig. [21 There are two types of systematic residu- 
als. The one is those found around strong lines, 
such as the Fe K line at ~ 6.5 keV in the 0'.5 — 2' 
spectral fit. Limited accuracies in the energy re- 
sponse could cause these discrepancies. Further- 
more, uncertainties in the modeling of the Fe K 
line structure could be larger than the statistics 
of the current data El- The other residual can be 
seen in the energy range of 5.5 — 7.5 keV only in 
the 4'.0 - 10' fit. This could be related to in- 
strumental background. At this energy band, the 
background is dominated by line emission such 
as Mn Ka (5.9 keV), Mn K/3 (6.5 keV), and Ni 
Ka (7.5 keV). Time variations in line fluxes and 
changes in the line spread fun ction create error s 
on the background estimation (jTawa et al. I l2008h . 
Nevertheless, each model describes the data with 
residuals smaller than five percent in most energy 
bins. 

To estimate systematic errors associated with 
the instrumental calibration, we fit the FI and BI 
spectra separately and compare the results with 
those obtained from the combined (FI and BI) fits 
above. In these fits, statistical errors on abun- 



Sanders et al. ( 2004h . In some spectra we found 



line emission at the position of He- like Cr. Because 



■^To assess possible uncertainties in the Fe K line model- 
ing, we compared the APEC with the MEKAL model im- 
plemented in the XSPEC. After convolving models with 
the XIS response, we found differences between the two of 
5 — 10%. A similar level of model uncertainties is expected. 
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Fig. 1. — (a) Elemental abundance ratios determined from the two temperature fits. X/Fe (X=:Ne, Mg, Si, 
S, Ar, Ca, and Ni) are shown in relative to those of the solar value (i.e. (X/Fe)/ (X/Fe)©). Typical errors are 
given for the 2' — 4' region. The Fe abundance is calculated by averaging over those of the two components, 
(b) Relative differences of the best fit parameters. Filled circles show differences between best-fit values 
obtained from the FI fit and those from the combined one (FI+BI) normalized by the latter value. Open 
circles show those from the BI fit. Points connected with solid- and dashed-lines are from the 0'.5 — 2' and 
2' — 4' regions, respectively. Statistical errors are given only at the BI 0'.5 — 2' values. Compared with 
these errors, errors of other val ues are similar or small, (c) Compariso n with previou s X-ray measurements. 



Results of the Fornax cluste r I Matsushita et al. 20031). A 106 (Sato et al. 20071 ). average values of 22 



clusters ( de Plaa et al. 2007 ) and M87 ( Matsushita et al."ll2003l ) are shown along with the present result of 
the Perseus cluster (2' — 4' region). The two vertical lines indicate 'photospheric' (1.0) and 'meteoritic' (1.44) 
solar abundances, corresponding to iron number density, Fe/H, of 4.68 x 10^^ and 3.24 x 10~^, respectively , 
(d) Same for (c), but with abundances in extremely metal poor stars in the Galaxy ( Cayrel et al. Il2004[ ). 
Predictions from type la and type II SNe are also shown in solid- and dashed-lines, respectively. Model 
yields are taken from jwamoto et al. ( 1999f) (W7 model for the type la). 
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Fig. 2. — Cluster spectra along with tlic best-fit model. From top to bottom, the FI-CCD data from 
0.5' — 2' — 4' — 10' regions are shown. The model components are shown by lines in upper panels. In lower 
panels fit residuals in terms of the data to model ratio are shown. 



Table 1 

The fitting results using the two temperature components. 



Region 


XIS 


X^/d.o.f. 


Tl 


Fcl 


Norml^ 


T2 


Fe2 


Norin2'' 


P-Norm'' 


(radii) 




(keV) 


(solar) 




(koV) 


(solar) 






0'.5 - 2' 


FI+BI 


1246/471 


4.2 ± 0.04 


0.62 ± 0.01 


0.37 ± 0.01 


2.2 ± 0.1 


0.71 ± 0.02 


0.13 ± 0.01 


3.1 ± 0.1 


2' - 4 


FI+BI 


1207/471 


5.0 ± 0.1 


0.53 ± 0.01 


0.39 ± 0.01 


2.5 ± 0.05 


0.83 ± 0.04 


0.12 ± 0.01 


2.5 ± 0.1 


4' - 10' 


Fl 


485/239 


5.7 ±0.1 


0.45 ± 0.01 


0.56 ± 0.01 


2.9 ± 0.1 


1.5 ± 0.5 


0.036 ± 0.01 


4.9 ± 0.2 



'^Normalization of VAPEC component in the unit used in XSPEC. 

^^Normalization of the power-law eomponent in unit of 10^^ photons keV~^ at 1 keV. 



dances are about 5 — 10% and 10 — 15% for the FI 
and BI spectra, respectively. As shown in Fig.[Hb) 
relative differences between the separate and com- 
bined fits are within 20% mostly and within 30% 
in all cases. By this comparison and the current 
calibration status of the XI^, we suppose that the 
possible systematic errors on the abundances are 
about ±(20 - 30)% of the best-fit values. 

In the core of the Perseus cluster, resonant scat- 
tering may redistribute some Fe line photons spa- 
tially from the core to the oute r region. We ex- 
amine d this effect by following ICh urazov et al. 
( 2004 ). The resonant scattering should be rela- 



tively significant on the resonance transition of He- 
like Fe (Is2-ls2p) at 6.70 keV. Then, we exclude 
this line energy band (6.3 — 6.8 keV) and fit the 
data again. This fit gives consistent abundances 
of Fe and Ni with the previous one. This indicates 
that the scattering is insi gnificant in our da t a. Us- 
ing XMM-Newton data. IChurazov et al. ] (|2004l) 
and iGastaldello fc Molendi I ( 2004 ) independently 
reported consistent results and suggested that the 
scattering effect is reduced because of gas motions 
in the core. 

3.3. Cr and Mn Line emission 

As mentioned above, we detected X-ray line 
emission from Cr. Next to Cr, we expect line emis- 
sion from Mn from a sub-solar metallicity plasma. 
Note that the Cr and Mn solar abundances are 
about 1% and 0.5% of that of Fe, respectively. 
To search for these lines, we use the FI spectra 
integrated over a 0'.5 — 10' region in spaced-row 
charge injection on and off modes together. As 
shown in Fig. (Ha), by comparing the data with 



a bremsstrahlung continuum model, we have de- 
tected a line from He-like Cr clearly and that from 
He-like Mn. Note that in the model used in this 
fit the Si-escape line associated with the He-like 
Fe Kq, line is included. This Si-escape line has a 
peak at 4.8 keV with a flux of about 1% of the 
data at that position. 

Using the same data above and Gaussian line 
fitting, we measured these line positions and fluxes 
as given in Table [H The detection of the Cr line 
is more than 99.9% confidence level, while that of 
the Mn line is more than 98% level. The fiuxes are 
measured with respect to that of the He-like Fe Kq, 
line at 6.70 keV. The resonance transitions of He- 
like Cr and Mn are at 5.682 keV and 6.181 keV, 
respectively ( Hwang et al. 2000l ). The obtained 



^See "The Suzaku Technical Description" available at 
|http: //www. astro . Isas . jaxa. jp/suzaku/doc/suzaku_td/[ 



line positions are fully consistent with those of red- 
shifted resonance positions. The equivalent widths 
of the Cr and Mn lines are about 5 eV and 2 eV, 
respectively. 

In a similar way as above, we examined spec- 
tra from the three regions separately. The sig- 
nificances of the Cr line detections are > 99.9%, 
> 99.9%, and 94% confidence from the 0'.5 - 2' - 
4' — 10' spectra, respectively. The Mn line detec- 
tion is significant (> 90% confidence) only from 
the 0'.5 — 2' spectrum. In Table [21 we show the 
obtained line positions and fiuxes. 

To check if these features are instrumental, we 
examine the Crab nebula and instrumental back- 
ground data obtained with the XIS. The Crab has 
a bright power-law X-ray emission and is a stan- 
dard calibration source for X-ray instruments. In 
the Crab spectra, there is no structure at the line 
positions of Cr and Mn detected above. We found 
no structure at the same positions in the instru- 
mental background. There are lines from neutral 
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Mn Ka (5.895 keV) and (6.490 keV). However, 
these position are away from those of He-hke Cr 
or Mn. Moreover, we confirmed that the Chan- 
dra deep spectrum (~1 Ms exposure) shows a hue 
feature at the same Cr position with a flux consis- 
tent with the Suzaku data. These facts, redshifted 
hne positions, and the obtained flux as expected 
from a sub-solar metallicity plasma (as calculated 
in discussion) indicate that we detected the Cr and 
Mn line emission from the cluster. 

In our knowledge, this is the first significant 
detection of X-ray line emission of Cr and Mn 



i ons fr om an extragalactic source. IWerner et al. 



( 20061 ) reported the detection of the same Cr line 
from the cluster 2A 0335-^096 at the 2ct level. 

4. SUMMARY AND DISCUSSION 

Suzaku XIS observations of the Perseus clus- 
ter provided one of the best quality X-ray spectra 
from clusters. We have detected the He-like Cr 
and Mn lines. Furthermore, we measured the ra- 
dial distribution of abundances of Ne, Mg, Si, S, 
Ar, Ca, Fe, and Ni. There is no strong radial vari- 
ation in relative abundance ratios such as Mg/Fe 
and Si/Fe. The abundance ratios are within a 
range of 0.8 — 1.5 times the solar value. 

4.1. Cr and Mn abundances 

Based on observed line fluxes of Cr and 
Mn ions, we estimate abundances of these ele- 
ments. There is no atomic data in the ATOMDB 
( Smith fc Brickhouse l200lh nor MEKAL (,Kaastra] 
providing X-ray emissiv i ties o f these lines. 



Then, following iHwang et al 



(|2000l ). we use Hne 
emissivities of elements (Si, S, Ar, Ca, Fe, and 
Ni) available from the ATOMDB and estimate 
those of Cr and Mn. Here we assume that emis- 
sivities per single ion of these elements at a given 
temperature is a smooth function of the atomic 
number. We interpolate the function using spline 
fits, as shown in Fig. [Sfb). We used tempera- 
tures (Table [2]) calculated by averaging over the 
two thermal components in the best-fit model ob- 
tained in subsection 3.2. Errors introduced by 
the interpolation would be smaller than 10 — 20%. 
This estimation along with observed fluxes gives 
Cr and Mn abundances (Table [2]): Cr/Fe and 
Mn/Fe ratios are 1.6 ± 0.4 and 0.8 ± 0.6 times the 
solar, respectively. 



The above estimated values obtained for Cr 
and Mn along with the Fe and Ni abundances 
derived in the spectral fitting provide iron-group 
abundances for the first time in the ICM. We 
found Cr:Mn:Fe:Ni ratios close to the solar value. 
These abundance patterns depend on the nature 
of their origins , super novae (SNe). For example. 



Badenes et al. 



( 20091 ) propose to reveal the de- 
tailed nature of type la SN using Mn, Cr, and Fe 
X-ray lines in SN remnants. In the case of the 
ICM metals, we can examine SNe averaged over 
many events in member galaxies. The present re- 
sult supports the idea that the metals in the ICM 
and solar neighborhood were produced in a similar 
way. 

4.2. Abundance Pattern 

Our derived abundance pattern is compared 
with relevant observations and theories below. 
Some comparisons are shown in Fig. [T] 

Firs t, the Chand ra result in the Perseus clus- 
ter ( (Sanders et al. I [200 4) is compared. We used 
their abundance pattern obtained from a region 
(40-80 kpc) similar to our data, but accounted for 
projection. The Ne/Fe, Si/Fe, Ar/Fe, Ca/Fe, and 
Ni/Fe ratios are consistent with the Suzaku result. 
In contrast, the Chandra data shows lower Mg/Fe 
(~ 0.5) and higher S/Fe (1.5-1.8) values than the 
solar ratio found in the current study. We sup- 
pose that these inconsisten cies are caused parti; 
by calibration errors used in lSanders et al. I (|200 



and partly caused by the difference in the spectral 
extraction method. Indeed, we found that much 
longer Chandra data (~ 1 Ms exposure) with the 
latest calibration and without the projection cor- 
rection give Mg and S abundances consistent with 
our result. 

Second, we compared our result with measure- 
ments in other clusters [Fig. [ijc)]. Note that in- 
cluding our study, most results are derived from 
cluster central regions (within a few 100 kpc). 
In most elements, our results are consistent with 
those in other clusters. Exceptions are lower Ar 
and higher Ca abundances in aver age values over 



a sam ple of 22 clusters reported bv lde Plaa et al. 
(|2007l ). We cannot find this trend in the Perseus 
cluster. For all measured elements from Ne to Fe, 
the cluster abundances are consistent with the so- 
lar ratios within uncertainties. The Ni/Fe ratios 
are relatively high. This may be a sign of a con- 
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Fig. 3. — (a): Spectrum around the Cr and Mn lines extracted from the 0'.5 — 10' region. The FI CCD data 
with and without spaced-row charge injection are combined. The positions of He- and/or H-hke Cr and Mn 
arc indicated, (b): X-ray Hne cmissivitics from He- like ions as a function of the atomic number. The model 
values for Si, S, Ar, Ca, Fe, and Ni at three different temperatures obtained from the ATOMDB are shown 
by various mark points. Lines are spline fit to these values. Positions of Cr and Mn are indicated by dashed 
vertical lines. 



Table 2 

The Cr and Mn parameters obtained from the spectral fitting. 



Region 


Cr 


Cr/Fc 


Mn 


Mn/Fc 


Cr/Fc 


Mn/Fc 


feT 




position (eV) 


flux " 


position (eV) 


flux " 


ratio (solar) ^ 


ratio (solar) ^ 


(keV)° 


0'.5 - 10' 


5574 ± 10 


1.6 ±0.3 


6070±30 


0.4 ±0.2 








0'.5 - 2' 


5571 ± 35 


1.81 ± 0.35 


6070 


0.49 ± 0.35 


1.4 ± 0.3 


0.8 ± 0.6 


4.0 


2' - 4' 


5582 ± 30 


1.76 ± 0.35 


6070 


0.41 ± 0.32 


1.6 ± 0.3 


0.8 ± 0.6 


4.7 


4' - 10' 


5573 ± 40 


1.53 ± 0.46 


6070 


0.4(< 0.9) 


1.7 ± 0.5 


0.8(< 1.8) 


5.6 



^Flux ratio to that of the He-like Fe Kq. line at 6.7 keV in units of 10 
'^Elemental abundance ratio relative to the solar value. 
'^Assumed temperature. 
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tribu tion from type la SNe (e.g. iDupke fc White! 
20001 ). The sub-solar value of 0/Fe measured 



in other studies m ay have a similar origin (e.g. 



Tamura et al.ll200lh . 



Third, our measurement is compared with that 
from Gala ctic stars with extremely low metallicity 
[Fig.[lTc): [c"avrel et al. I (|2004h ]. The latter abun- 
dances should be close to those originated from the 
first generation of stars and SNe in the universe. 
The patterns are very different. Among elements 
that we measured, elements lighter than Cr are 
more abundant in the metal poor stars, while Cr, 
Mn, and Ni are more abundant in the ICM. This 
comparison, regardless of theoretical models, indi- 
cates that the ICM is polluted not solely by the 
first generations of stars but also by additional 
source(s) significantly. The additional source(s) 
should add iron group elements to the ICM. The 
most-likely dominant contributor is type la SNe, 
as in th e Galactic chem ical evolution model (e.g. 
iKobavashi et al. 20061 ). The abundance pattern 
in the Perseus cluster is closer to the solar value 
than to those in extremely low metallicity stars. 
Therefore the contribution of the first generations 
of stars into the ICM metal is not req uired largely, 
in con trast to the model proposed in iLoewenstein 
()200ll) . 

Finally, the measured pattern is compared with 
theoretical predictions from two types of SNe 
[FigHJd)]. The observed abundance pattern can- 
not be produced solely by each type of SNe. All 
the observed abundance ratios are between the 
two predictions, except for Cr and Mn, which 
have relatively large uncertainties. Consequently, 
we conclude that the metals in the ICM of the 
Perseus and other clusters were produced by a 
mix of both types of SNe. Similar conclusions 
have been obtained from ASCA , Chandra , and 

19981 : 



XMM-Newton studies 



Fukazawa et al 



Tamura et al]l200lt ISanders &: Fabianll2006f ). The 



present data strengthen this scenario. 

We thank J. S. Kaastra, K. Hayashida, and 
anonymous referee for their comments. 

REFERENCES 

Anders, E., & Grevesse, N. 1989, Geochimica et 
Cosmochimica Acta, 53, 197 



Badenes, C, Bravo, E., and Hughese, J. P. 2009, 
ApJ, 680, L33 

Baumgartner, W. H., Loewenstein, M., Horner, 
D. J., & Mushotzky, R. F. 2005, ApJ, 620, 680 

Bohringer, H., & Werner, N. 2009, 
larXiv:0907.4277l 

Cayrel, R., et al. 2004, A&A, 416, 1117 

Churazov, E., Forman, W., Jones, C, Sunyaev, 
R., Bohringer, H. 2004, MNRAS, 347, 29 

Dupke, R. A., & White, R. E., Ill 2000, ApJ, 528, 
139 

Fukazawa, Y., Makishima, K., Tamura, T., Ezawa, 
H., Xu, H., Ikebe, Y., Kikuchi, K., & Ohashi, 
T. 1998, PASJ, 50, 187 

Gastaldello, F. & Molendi, S. 2004, ApJ, 600, 670 

Hwang, U., Petre, R., & Hughes, J.P., 2000, ApJ, 
532, 970 

Ishisaki, Y., et al. 2007, PASJ, 59, S113 

Iwamoto, K., Brachwitz, F., Nomoto, K., Kishi- 
moto, N., Umeda, H., Hix, W. R., & Thiele- 
mann, F.-K. 1999, ApJS, 125, 439 

Kaastra, J.S. 1992, An X-Ray Spectral Code for 
Optically Thin Plasmas (Internal SRON-Leiden 
Report, updated version 2.0) 

Kobayashi, C, Umeda, H., Nomoto, K., Tomi- 
naga, N., & Ohkubo, T. 2006, ApJ, 653, 1145 

Koyama, K, et al. 2007, PASJ, 59, S23 

Loewenstein, M. 2001, ApJ, 557, 573 

Matsushita, K., Finoguenov, A., Bohringer, H. 
2003, A&A, 401, 443 

Matsushita, K. et al. 2007, PASJ, 59, 327 

Mitsuda, K, et al. 2007, PASJ, 59, SI 

Mushotzky, R., Loewenstein, M., Arnaud, K. A., 
Tamura, T., Fukazawa, Y., Matsushita, K., 
Kikuchi, K., & Hatsukade, I. 1996, ApJ, 466, 
686 

de Plaa, J., Werner, N., Bleeker, J. A. M., Vink, 
J., Kaastra, J. S., & Mendez, M. 2007, A&A, 
465, 345 



9 



Renzini, A., Ciotti, L., D'Ercole, A. & Pellegrini, 

S., ApJ, 1993, 419 

Sato, K. et al. 2007, PASJ, 59, 299 

Sanders, J. S., Fabian, A. C, Allen, S. W., & 
Schmidt, R. W. 2004, MNRAS, 349, 952 

Sanders, J. S., & Fabian, A. C. 2006, MNRAS, 
371, 1483 

Serlemitsos, R et al. 2007, PASJ, 59, S9 

Smith, R.K & Brickhouse, N.S. 2001, ApJ, 556, 
L91 

Tawa, N., et al. 2008, PASJ, 60, 11 

Tamura, T., Bleeker, J. A. M., Kaastra, J. S., Fer- 
rigno, C, & Molendi, S. 2001, A&A, 379, 107 

Tamura, T., Kaastra, J. S., den Herder, J. W. A., 
Bleeker, J. A. M., & Peterson, J. R. 2004, A&A, 

420, 135 

Tsuru, T. 1991, PhD thesis. University of Tokyo 
Werner, N., et al. 2006, A&A, 449, 475 



This 2-column preprint was prepared with the AAS lAlJ^X 
macros v5.2. 



10 



